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DEVICE FOR SEPARATING COMPONENTS
OF A FLUID SAMPLE

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation of, and claims
priority to, U.S. patent application Ser. No. 13/085,831 filed
Apr. 13, 2011, which 1s a divisional of U.S. patent applica-
tion Ser. No. 10/785,893, now U.S. Pat. No. 7,947,236,
which 1s a continuation-in-part of U.S. patent application
Ser. No. 09/727,282, now U.S. Pat. No. 6,803,022, which 1s
a continuation-in-part of U.S. patent application Ser. No.
09/454,988, now U.S. Pat. No. 6,479,298, the entire disclo-

sures of each of which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a device for separating heavier
and lighter fractions of a flmd sample, and in particular a
container containing a separator that provides such separa-

tion of blood upon centrifugation.

2. Description of Related Art

Diagnostic tests may require separation of a patient’s
whole blood sample into components such as serum or
plasma (a lighter phase component) and red blood cells (a
heavier phase component). Samples of whole blood are
typically collected by venmipuncture through a cannula or
needle attached to a syringe or an evacuated collection tube.
Separation of the blood 1nto serum or plasma and red blood
cells 1s then accomplished by rotation of the syringe or tube
in a centrifuge. The tube or syringe generally contains a
barrier that moves between the two phases upon centrifu-
gation, and maintains that separation thereafter to allow
subsequent examination of the individual components.

A variety of devices have been used in collection devices
to divide the area between the heavier and lighter phases of
a fluid sample. The most widely used devices include
thixotropic gel materials such as polyester gels 1n a tube.
These devices require special manufacturing equipment to
prepare the gel and to fill the tubes. Moreover, the sheli-life
of the product may be limited because over time, globules of
gel may be released from the gel mass. These globules may
enter the serum sample gel and may be released from the gel
mass. These globules may enter the serum sample and
thereby clog the measuring mstruments. Such clogging can
lead to considerable downtime for an nstrument. In addi-
tion, no commercially available gel 1s completely chemi-
cally inert to all analytes. I certain drugs are present in the
blood sample when it 1s taken, there can be an adverse
chemical reaction with the gel.

Therelore, a need exists for a separator device that avoids
the problems of gels. Such a device advantageously exhibits
one or more of the following properties: (1) easily used to
separate a blood sample; (11) largely unaflected by tempera-
ture during storage and shipping; (111) stable to radiation
sterilization; (1v) employs the benefits of a thixotropic gel
barrier yet avoids the disadvantages of placing a gel in
contact with the separated blood components; (v) reduces
cross contamination of the heavier and lighter phases of the
sample during centrifugation; (vi) reduces adhesion of the
lower and higher density materials against the separator
device; (vi1) able to move 1nto position to form a barrier 1n
less time than conventional methods and devices; (vii) able
to provide a clearer specimen with less cell contamination
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2

than conventional methods and devices; and (1x) able to be
used with standard sampling equipment.

SUMMARY OF THE INVENTION

The 1invention relates to an assembly for separating a fluid
sample into a higher density phase and a lower density
phase. Typically, the assembly comprises a container such as
a tube and a separator located 1n the tube.

A typical tube comprises an open end, a closed end, and
a sidewall extending between the open end and closed end.
The sidewall comprises an outer surface and an 1nner
surface. The tube fturther comprises a closure disposed to fit
in the open end of the tube, typically with a resealable
septum. Alternatively, both ends of the tube may be open,
and both ends of the tube may be sealed by elastomeric
closures. At least one of the closures of the tube may include
a needle pierceable resealable septum.

The separator element comprises an overall density at a
target density of o,. The target density 1s required to separate
a fluid sample ito at least two phases. The separator
comprises at least two or more regions of differing densities.
Typically, at least one of the regions 1s higher than the target
density and at least one of the regions 1s lower than the target
density.

In one embodiment, the separator includes opposed top
and bottom ends and comprises a bellows, a ballast, and a
float. The separator 1s disposed in the tube at a location
between the top closure and the bottom of the tube. The
components of the separator are dimensioned and configured
to achieve an overall density for the separator that lies
between the densities of the phases of a fluid sample, such
as a blood sample.

The bellows of the separator 1s molded from a resiliently
deformable matenial that exhibits good sealing characteris-
tics when placed against an adjacent surface. The bellows
has an upper end that 1s at or in proximity to the top end of
the separator and an opposed lower end that 1s disposed
between the opposed ends of the separator.

The upper end of the bellows may be formed from a
material that may be pierced by a needle cannula for
depositing a fluid sample mto the tube. Additionally, the
upper end of the bellows 1nitially may be engaged releasably
with the closure mounted 1n the open top end of the tube.

Preferably, the bellows includes a toroidal sealing section
which, 1n an unbiased state of the bellows, defines an outer
diameter that exceeds the inside diameter of the tube.
However, the bellows can be deformed slightly so that the
outer circumierential surface of the toroidal sealing section
1s biased against the mnner circumierential surface of the tube
to achieve a sealing engagement between the bellows and
the tube. The bellows may be elongated by oppositely
directed forces 1in proximity to the opposed upper and lower
ends thereof. Elongation of the bellows 1n response to such
oppositely directed forces will reduce the outside diameter
of the toroidal sealing section of the bellows. Suflicient
clongation of the bellows will cause the toroidal sealing
section of the bellows to be spaced inwardly from the
internal surface of the blood collection tube, and thereby
allow the separator to move within the tube.

Desirably, the toroidal sealing section may be comprised
of any natural or synthetic elastomer or mixture thereot, that
1s 1nert to the fluid sample of 1nterest and 1s tlexible.

In use, a flmd sample enters the assembly by needle.
Where the separator 1s secured at the top of the tube, the
needle pierces a portion of the bellows adjacent the top end
of the separator and partially through the hollow interior of
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the float. The needle 1s withdrawn from the assembly and the
septum of the closure and the bellows reseals.

The assembly 1s then subjected to centrifugation. Forces
exerted by the centrifuge causes a gradual separation of the
phases of the fluid sample such that the more dense phase
moves toward the bottom end of the tube, and the less dense
phase 1s displaced to regions of the tube above the more
dense phase. Simultaneously, the centrifugal load will cause
the dense ballast to move outwardly relative to the axis of
rotation and toward the bottom of the tube. This movement
of the ballast will generate an elongation and narrowing of
the bellows. Thus, the outside diameter of the toroidal
sealing section of the bellows will become less than the
inside diameter of the tube. Additionally, the centrifugal load
and the deformation of the bellows will cause the separator
to disengage from the top closure. Hence, the separator will
begin to move toward the bottom of the tube. Air trapped
between the fluid sample and the separator mmitially waill
move through the circumierential space between the sepa-
rator and the tube. After suflicient movement, the bottom end
ol the separator will contact the surface of the fluid sample.
At this point, air trapped within the hollow interior of the
separator can impede further downward movement of the
separator 1nto the fluid sample. However, this air can pass
through the defect in the bellows caused by the needle or
through some other manufactured defect in the bellows.

The ballast will cause the separator to sink into the fluid
sample while the float will buoyantly remain near the
surface of the fluid sample thereby causing an elongation
and narrowing of the bellows. The less dense liquid phase of
the fluid sample will move through the space between the
separator and the walls of the tube. As noted above, the
overall density of the separator 1s selected to be less than the
density of the formed phase of the fluid sample, but greater
than the density of the less dense liquid phase of the fluid
sample. Thus, the separator will stabilize at a location
between the foamed and liquid phases of the fluid sample
after a suthicient period of centrifugation. The centrifuge
then 1s stopped. The termination of the centrifugal load
cnables the toroidal sealing section of the bellows to return
toward 1ts unbiased dimensions, and into sealing engage-
ment with the interior of the tube. The less dense hiquid
phase of the fluid sample can be separated from the tube by
either removing the closure or passing a needle through the
closure. Alternatively, in certain embodiments, the more
dense formed phase can be accessed through a sealed
opening 1n the bottom end of the tube.

In another embodiment, it 1s possible for the separator
clement to be a unitary structure having regions of different
densities that provide, for example, the functionality of the
buoyancy member and ballast member discussed herein.
(Unitary indicates a single mechanical component versus a
combination of mechanical components, with the single
mechanical component made up of one or more materials.)
For example, it 1s possible for the separator element to be a
sphere-like element formed from a polymeric material,
where the upper region of the element comprises a relatively
low density material, and the lower region contains a rela-
tively high density matenal. (The separator may have a
density gradient, such that distinct regions of uniform den-
sity may not exist, but portions of the separator will have
different average densities.) Upon centrifugation, the low
and high density regions would act as the buoyancy and
ballast members, respectively, with at least a portion of the
region therebetween acting as a sealing member.

It 1s possible to obtain the high and low density regions by
a variety of techniques, including molding a high density
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clastomeric matrix with low density components, including
air bubbles or voids, distributed at an upper region therein
(to provide buovyancy), or to mold a low density elastomeric
matrix with high density components distributed at a lower
region therein (to provide ballast). It 1s also possible to
co-mold two or more different materials (or the same mate-
rials but having diflerent densities) to provide the distinct
densities.

The assembly of the invention 1s advantageous over
existing separation products that use gel. For example, the
separator of the invention will not interfere with analytes as
compared to gels that may do so, nor will the separator of the
invention interfere with therapeutic drug monitoring ana-
lytes. Other advantages that the separator may provide over
gel include reduced separation time, avoidance of gel residu-
als, no mterference with istrument probes, more acceptable
blood banking tests, and a cleaner sample (where the blood
1s 1nitially provided beneath the separator) due to the fact
that only the cell-free fraction contacts the upper portion of
the separator.

DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an exploded perspective view of an assembly of
one embodiment of the invention.

FIG. 2 1s a perspective view of the closure of the assembly
of FIG. 1.

FIG. 3 1s a bottom plan view of the closure of FIG. 2.

FIG. 4 15 a cross-sectional view of the closure of FIG. 3
thereof.

FIG. 5 1s a perspective view of the bellows of the
separator of the assembly of FIG. 1.

FIG. 6 1s a cross-sectional view of the bellows of FIG. 5
taken along line 6-6 thereof.

FIG. 7 1s a bottom plan view of the ballast of the separator
of the assembly of FIG. 1.

FIG. 8 1s a cross-sectional view of the ballast of FIG. 7
taken along line 8-8 thereof.

FIG. 9 1s a perspective view of the float of the separator
of the assembly of FIG. 1.

FIG. 10 1s a side elevational view of the float of the
separator of the assembly of FIG.

FIG. 11 1s a cross-sectional view of the float of FIG. 10
taken along line 11-11 thereof.

FIG. 12 1s a side elevational view of an assembly of an
embodiment of the invention.

FIG. 13 1s a cross-sectional view of the assembly of FIG.
12 taken along line 13-13 thereof.

FIG. 14 1s a cross-sectional view of the assembly of FIG.
12 taken along line 13-13 thereof, showing the separator
under a centrifugal load.

FIG. 15 1s a cross-sectional view of the assembly of FIG.
12 taken along line 13-13 thereof, showing the separator
sealingly engaged with the tube between the liquid and
formed phases of the fluid sample.

FIG. 16 1s a cross-sectional view similar to FIG. 13, but
showing an alternate embodiment of the mvention.

FIG. 17 1llustrates a further embodiment of the invention.

FIG. 18 illustrates another embodiment of the invention.

DETAILED DESCRIPTION

In one embodiment, the separator includes opposed top
and bottom ends and comprises a bellows, a ballast, and a

float. The separator 1s disposed in the tube at a location
between the top closure and the bottom of the tube. The
components of the separator are dimensioned and configured
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to achieve an overall density for the separator that lies
between the densities of the phases of a fluid sample, such
as a blood sample.

The bellows of the separator 1s molded from a resiliently
deformable material that exhibits good sealing characteris-
tics when placed against an adjacent surface. The bellows
has an upper end that 1s at or in proximity to the top end of
the separator, and an opposed lower end that 1s disposed
between the opposed ends of the separator.

The upper end of the bellows may be formed from a
material that may be pierced by a needle cannula for
depositing a fluid sample into the tube. Additionally, the
upper end of the bellows 1nitially may be engaged releasably
with the closure mounted in the open top end of the tube.

Preferably, the bellows includes a toroidal sealing section
which, 1n an unbiased state of the bellows, defines an outer
diameter that exceeds the inside diameter of the tube.
However, the bellows can be deformed slightly so that the
outer circumierential surface of the toroidal sealing section
1s biased against the inner circumierential surface of the tube
to achieve a sealing engagement between the bellows and
the tube. The bellows may be clongated by oppositely
directed forces 1in proximity to the opposed upper and lower
ends thereot. Flongation of the bellows 1n response to such
oppositely directed forces will reduce the outside diameter
of the toroidal sealing section of the bellows. Suflicient
clongation of the bellows will cause the toroidal sealing
section of the bellows to be spaced mwardly from the
internal surface of the blood collection tube.

Desirably, the toroidal sealing section may be comprised
of any natural or synthetic elastomer or mixture thereot, that
1s 1nert to the fluid sample of 1nterest and 1s tlexible.

Preferably, the toroidal sealing section comprises a quali-
tative stiffness, expressed as follows: S*=K/(ap. D?)

whereby “S*” 1s the non-dimensional stiflness coeflicient,
“k” 1s a force required to deflect the bellows a given length,
“a” 1s the applied acceleration, “D” 1s the diameter of the
toroidal sealing section, and *“p, " 1s the density of water.

Desirably, the qualitative stiflness of the toroidal sealing
section 1s from about 0.00006 to about 190.

Preferably, the toroidal sealing section may be subjected
to a characteristic or radial deflection under an applied load
such as an axially applied load. The characteristic or radial
deflection 1s defined as a change 1n length of the toroidal
sealing section relative to the change in cross section diam-
cter of the toroidal sealing section. Preferably, the toroidal
sealing section has a characteristic or radial deflection ratio
of about 1.5 to about 3.5.

Preferably, the toroidal sealing section when subjected to
an applied load, such as centrifugation, to cause axial
deformation of the toroidal sealing section, the change 1n
cross section diameter of the toroidal sealing section may be
expressed as  follows: (Dpesore=D airineg)Dpesore) X
100%=AD

wherein “AD_"" 1s from about 5% to about 20%.

Therefore, a change i cross section diameter of the
toroidal sealing section 1s proportional to the undeflected
cross section diameter of the toroidal sealing section. Pret-
erably, the proportion 1s from about 0.03 to about 0.20.

In this embodiment, the ballast 1s a substantially tubular
structure formed from a material having a greater density
than the heavy phase of blood. The generally tubular ballast
has a maximum outside diameter that 1s less than the inside
diameter of the tube. Hence, the ballast can be disposed
concentrically within and spaced from a cylindrical sidewall
of the tube. The ballast may be securely and permanently
mounted to the lower end of the bellows.
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In this embodiment, the float 1s formed from a material
having a density less than the density of the lighter phase of
the blood and may be engaged near the upper end of the
bellows. Additionally, the float 1s movable relative to the
ballast. For example, the float may be substantially tubular
and may be slidably telescoped concentrically within the
tubular ballast. Hence, the float and the ballast can move 1n
opposite respective directions within the tube.

In use, a flmd sample enters the assembly by needle.
Where the separator 1s secured at the top of the tube, the
needle pierces a portion of the bellows adjacent the top end
ol the separator and partially through the hollow interior of
the float. The needle 1s withdrawn from the assembly and the
septum of the closure and the bellows reseals.

The assembly 1s then subjected to centrifugation. Forces
exerted by the centrifuge causes a gradual separation of the
phases of the fluid sample such that the more dense phase
moves toward the bottom end of the tube, and the less dense
liguid 1s displaced to regions of the tube above the more
dense phase. Simultanecously, the centrifugal load will cause
the dense ballast to move outwardly relative to the axis of
rotation and toward the bottom of the tube. This movement
of the ballast will generate an elongation and narrowing of
the bellows. Thus, the outside diameter of the toroidal
sealing section of the bellows will become less than the
inside diameter of the tube. Additionally, the centrifugal load
and the deformation of the bellows will cause the separator
to disengage from the top closure. Hence, the separator will
begin to move toward the bottom of the tube. Air trapped
between the fluid sample and the separator mnitially wall
move through the circumierential space between the sepa-
rator and the tube. After sutlicient movement, the bottom end
of the separator will contact the surface of the flmd sample.
At this point, air trapped within the hollow interior of the
separator can impede further downward movement of the
separator 1nto the fluid sample. However, this air can pass
through the defect 1in the bellows caused by the needle or
through some other manufactured defect in the bellows.

The ballast will cause the separator to sink 1nto the fluid
sample while the float will buovantly remain near the
surface of the fluid sample thereby causing an elongation
and narrowing of the bellows. The less dense liquid phase of
the fluid sample will move through the space between the
separator and the walls of the tube. As noted above, the
overall density of the separator 1s selected to be less than the
density of the formed phase of the fluid sample, but greater
than the density of the less dense liquid phase of the fluid
sample. Thus, the separator will stabilize at a location
between the formed and liquid phases of the fluid sample
alter a suflicient period of centrifugation. The centrifuge
then 1s stopped. The termination of the centrifugal load
enables the toroidal sealing section of the bellows to return
to 1ts unbiased dimensions, and into sealing engagement
with the interior of the tube. The less dense liquid phase of
the fluid sample can be separated from the tube by either
removing the closure or passing a needle through the clo-
sure. Alternatively, 1n certain embodiments, the more dense
formed phase can be accessed through a sealed opening 1n
the bottom end of the tube.

The separator of the invention comprises a useful range of
parameters and there are two principle driving equations for
defining the parameters:

o,V = Ufol- o, V5

Conservation of Mass

(00 V- (0,-0)V,)p,, ~(0ADk)/a
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Force Balance
The following non-dimensional parameters may then be
substituted into the force balance:

V. E=V /D Y H= V/D3,- S*=k/a p,,D?
to arrive at:
(0~0)V,*~(0,~0)V,*)=(8-AD-S*)/D

S0 as to scale prototypes to any size device, wherein the
following are defined:

“0,, "0, “0,”, are the specific gravities of the separator
device, float, and ballast, respectively;

V.7,V 2%V are the volumes of the separator device,
float, and ballast, respectively;

“p.,.” 1s the density of water;

“k” 1s the separator spring constant;

“a” 1s the applied acceleration; and

the deflection ration defined by: AL/AD, where “AL” 1s
the change 1n length.

The left side of the equation can be an infinite number of
combinations of materials and geometries and 1t it 1s equal
to the product of the right side 1t can be concluded that the
device will function.

Desirable values for the right side of the equation are as
follows:

0=1.5-3.5
AD/D=0.05 to 0.2

S*=0.043 to 0.220.

One embodiment of the invention 1s 1llustrated in FIGS.
1 and 13-15, wherein assembly 10 includes a tube 12, a
closure 14, and a separator assembly 16. Tube 12 includes a
closed bottom 18, an open top 20, and a cylindrical sidewall
22 extending therebetween. Sidewall 22 includes an 1nner
surface 23 with an 1nside diameter “a” extending from top
end 20 to a location substantially adjacent bottom end 18.

Closure 14, as shown 1 FIGS. 2-4, 1s unitarily molded
from an elastomeric material and includes a top end 24 and
a bottom end 26. Portions of closure 14 adjacent top end 24
define a maximum outside diameter which exceeds the
inside diameter “a” of tube 12. Additionally, portions of
closure 14 at top end 24 include a central recess 28 which
defines a needle pierceable resealable septum. Portions of
closure 14 extending upwardly from bottom end 26 taper
from a minor diameter which 1s approximately equal to or
slightly less than the inside diameter “a” of tube 12 to a
major diameter that 1s greater than inside diameter “a”. Thus,
bottom end 26 of closure 14 can be urged into portions of
tube 12 adjacent open top end 20 thereof, and the inherent
resiliency of closure 14 will ensure a sealing engagement
with the mner circumierential surface of cylindrical sidewall
22 of tube 12.

Closure 14 1s formed to include a bottom recess 30
extending 1nto bottom end 26. Bottom recess 30 1s charac-
terized by a central convex cone 32. Additionally, a plurality
of spaced apart resiliently deflectable arcuate flanges 34
extend around the entrance to recess 30. Flanges 34 function
to releasably hold separator assembly 16.

Separator assembly 16 includes a bellows 36, a ballast 38,
and a float 40. Bellows 36, as shown 1n FIGS. 5 and 6, 1s
unitarily molded from a resiliently deformable material, that
exhibits good sealing characteristics. More particularly, bel-
lows 36 1s symmetrical about a center axis and includes an
upper end 42, a lower end 44, and a hollow interior 45 that
1s open at lower end 44. Portions of bellows 36 adjacent
upper end 42 define an enlarged mounting head 46 with a top
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section that 1s convexly conical in an 1nitial unbiased con-
dition of bellows 36. The conical section of bellows 36
adjacent upper end 42 can be deflected mto a conical
concave configuration that abuts conical portion 32 in recess
30 of closure 14. Bellows 36 further includes a generally
toroidal sealing section 47 with intermediate upper and

lower ends 42 and 44. Toroidal sealing section 47 defines an
outside diameter “b” which, 1n an unbiased condition of

bellows 36, slightly exceeds mside diameter “a” of tube 12.

However, oppositely directed forces on upper and lower
ends 42 and 44 of bellows 36 will lengthen bellows 36

simultaneously reducing the diameter of toroidal sealing
section 47 to a dimension less than “a”. A narrow neck 48
1s defined between mounting head 46 and toroidal sealing
section 47. Neck 48 1s dimensioned to be engaged within the
area defined by arcuate flanges 34 on closure 14. Hollow
interior 45 of bellows 36 includes an annular float mounting
bead 49 at a location substantially aligned with neck 48.

Portions of bellows 36 between toroidal sealing section 47
and lower end 44 define a generally cylindrical ballast
mounting section 50 of outside diameter “c”, inside diameter
“d,” and length “e”. Ballast mounting section 30 terminates
at an outwardly projecting flange 51 substantially adjacent
lower end 44 of bellows 36.

Ballast 38 of separator 16 1s generally a cylindrical tube
unitarily formed from a material that will not react with
blood or other liquid being separated and that has a density
higher than the blood or other liquid being separated. Ballast
38 preferably 1s substantially tubular and includes opposed
upper and lower ends 52 and 54, as shown 1n FIGS. 7 and
8. Outer circumierential surface areas of ballast 38 define a
maximum outside diameter “f” that 1s less than inside
diameter “a” of tube 12. Inner circumierential surface
regions of ballast 38 are characterized by an inwardly
directed flange 56 adjacent upper end 52. Flange 56 defines
an inside diameter “g’ which 1s approximately equal to
outside diameter “c” of ballast mounting section 50 of
bellows 36. Additionally, tflange 56 of ballast 38 defines a
length “h™ which 1s approximately equal to length “e” of
ballast mounting section 50 on bellows 36. As a result,
ballast 38 can be securely mounted to ballast mounting
section 50 of bellows 36 at locations between flange 51 and
toroidal sealing section 47. Portions of ballast 38 between
flange 56 and lower end 54 of ballast 38 will project
downwardly below lower end 44 of bellows 36 1in this
interengaged position.

Float 40 of separator 16 1s a generally stepped tubular
structure umitarily molded from a foam material having a
density less than the density of the liquid phase of blood.
Float 40 may be umtarily formed from a low density
polyethylene. As shown 1n FIGS. 9-11, float 40 has an upper
end 58, a lower end 60, and a passage 62 extending axially
therebetween. Float 40 1s formed with an annular groove 64
extending around the outer circumierential surface thereof at
a location spaced slightly from upper end 358. Annular
groove 64 1s dimensioned to be resiliently engaged by
inwardly directed annular bead 49 of bellows 36 for securely
retaining portions of tloat 40 near upper end 58 to portions
of bellows 36 near lower end 44 thercol. Additionally,
groove 64 1s configured to define apertures 63 that enable an
air flow that insures narrowing of bellows 36 1in the
assembled condition of separator 16, as explained below.

Float 40 further includes narrow neck 66 at locations
approximately midway between top and bottom ends 58 and
60. Neck 66 defines a diameter “1” which 1s less than mside
diameter “d” of ballast mounting section 50 of bellows 36.
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As a result, neck 66 1s freely movable 1n an axial direction
within ballast mounting section 50 of bellows 36.

Float 40 further includes a substantially cylindrical base
68 defining a diameter 97 which 1s less than the inside
diameter of ballast 38 between flange 56 and lower end 54.
Thus, base 68 of float 40 can be slidably moved 1n an axial
direction relative to portions of ballast 38 adjacent bottom
end 54 thereof.

Separator 16 1s assembled by resiliently engaging ballast
mounting section 50 of bellows 36 with flange 56 of ballast
38. Float 40 then 1s urged upwardly through ballast 38 and
into lower end 44 of bellows 36. After suflicient insertion,
annular groove 64 of float 40 will engage annular bead 49 of
bellows 36. Thus, bellows 36, ballast 38, and float 40 will be
securely engaged with one another.

Portions of separator 16 adjacent upper end 42 of bellows
36 then are urged 1nto recess 30 1n bottom end 26 of closure
14. This insertion will cause arcuate flanges 34 of closure 14
to deflect. After suflicient 1nsertion, arcuate flanges 34 wall
resiliently return toward an undetlected condition 1n which
flanges 34 engage neck 48 of bellows 36. Additionally, the
concave cone at upper end 42 of bellows 36 1s detlected
downwardly and into a convex shape by cone 32 of closure
14.

The subassembly comprised of closure 14 and separator
16 then i1s inserted into open top 20 of tube 12 such that
separator 16 and lower end 26 of closure 14 lie within tube
12, as shown 1n FIGS. 12 and 13. Closure 14 will sealingly
engage against interior surface regions and top end 20 of
tube 12. Additionally, toroidal section 48 of bellows 36 will
sealingly engage against inner surface 23 of tube 12.

As shown 1 FIG. 13, a liquid sample 1s delivered to the
tube by a needle that penetrates septum 28 of closure 14 and
upper end 42 of bellows 36. For purposes of 1llustration only,
the liquid sample 1s blood. Blood will flow through central
opening 62 of float 40 and to bottom end 18 of tube 12. The
needle then will be withdrawn from assembly 10. Upon
removal of the needle septum 28, closure 14 will reseal
itself. Upper end 42 of bellows 36 also will reclose 1tself 1n
a manner that will render 1t substantially impervious to fluid
flow.

As shown 1n FIG. 14, when assembly 10 1s subjected to
centrifugation or to an axial centrifugation force, the respec-
tive phases of the blood will begin to separate so that the
more dense phase comprising red blood cells will be dis-
placed toward the bottom end 18 of tube 12 and so that the
less dense phase comprising serum or plasma will be dis-
placed to a location immediately above the denser phase.
Simultaneously, the centrifugal loads will urge ballast 38
toward bottom end 18 of tube 12 relative to tloat 40. This
movement of ballast 38 will generate a longitudinal defor-
mation of bellows 36. As a result, toroidal sealing section 48
will become longer and narrower and will be spaced con-
centrically inwardly from the inner surface 23 of sidewall 20
of tube 12. The smaller cross-section of toroidal section 48
will permit a movement of portions of bellows 36 adjacent
lower end 44 to move toward bottom 18 of tube 12. Upper
end 42 of bellows 36 mitially will be retained adjacent
closure 14 by arcuate flanges 34. However, all of closure 14
1s resiliently deformable, and hence arcuate flanges 34 will
resiliently deform downwardly 1n response to centrifugal
loads created on separator 16, and particularly on ballast 38.
Hence, separator 16 will separate from closure 14 and will
begin moving in tube 12 toward bottom end 18, as shown in
FIG. 14. Air 1n portions of tube 12 between the blood and
separator 16 will flow around separator 16 and into sections
of tube 12 between separator 16 and closure 14. After
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suflicient movement of separator 16, bottom end 34 of
ballast 38 and/or bottom end 60 of float 40 will contact the
top surface of the blood. This will leave trapped air within
aperture 62 of float 40 that could impede further downward
movement of separator 16. However, the defect 1n top 42 of
bellows 36 caused by the needle cannula will enable trapped
air to escape to regions of tube 12 between separator 16 and
closure 14. Thus, ballast 38 will continue to urge separator
16 down into the separating blood with a liquid phase
capable of moving around and above the separator. As noted
above, separator 16 has an overall density between the
densities of the formed and liquid phases of the blood.
Consequently, separator 16 will stabilize 1n a position within
tube 12 such that the formed phase of the blood will lie
between bottom end 18 of tube 12 and separator 16, as
shown 1n FIG. 15. The liquid phases of the blood will lie
between separator 16 and closure 14.

After this stabilized state has been reached, the centrifuge
will be stopped. The termination of the centrifugal load will
cause toroidal sealing section 48 of bellows 36 to resiliently
return toward 1ts unbiased condition and into sealing
engagement with interior surface 23 of tube 12. Thus, the
formed and liquid phases of blood will be separated etli-
ciently and can be accessed separately for analysis.

An alternate embodiment of the tube assembly 1n accor-
dance with the subject invention 1s i1dentified generally by
the numeral 110 1n FIG. 16. Assembly 110 includes a tube
112, a closure 114, and a separator 116.

Tube 112 includes an open top 118, a bottom 120, and a
cylindrical wall 122 extending therebetween. Bottom 120 of
tube 112 has an opening 124 extending therethrough. A
bottom closure 126 1s sealingly engaged in opening 124.
Bottom closure 126 1s formed from a needle pierceable
clastomer and enables the formed phase of a blood sample
to be accessed directly from bottom 120 of tube 112.

Closure 114 includes an elastomeric stopper 128 sealingly
engaged 1 open top 118 of tube 112. Stopper 128 is
provided with a centrally disposed needle pierceable septum
130. Stopper 128 further includes a bottom recess 132
having a plurality of inwardly directed resiliently detlectable
arcuate tlanges 134 extending thereabout.

Closure 114 further includes an outer cap 136 having an
annular top wall 138 and a generally cylindrical skirt 140
depending downwardly from top wall 138. Cap 136 is
securcly mounted around stopper 128 and i1s removably
mountable over open top 118 of tube 112. Top wall 138 of
cap 136 1s provided with a central opening 142 that sub-
stantially registers with septum 130.

Separator 116 includes a bellows 144, a ballast 146, and
a float 148. Bellows 144 includes an upper end 150, a lower
end 152, and a toroidal sealing 154 therebetween. Unlike the
prior embodiment, portions of bellows 144 adjacent upper
end 150 are not conically generated. Rather, these upper
portions of bellows 144 are substantially spherically gener-
ated and will nest with recess 132 1n stopper 128 without the
inward deformation that had been described with respect to
the first embodiment. Portions of bellows 144 adjacent
lower end 152 and adjacent toroidal sealing 154 are sub-
stantially the same as in the prior embodiment.

Ballast 146 includes an upper end 156 and a lower end
158. Portions of ballast 146 in proximity to lower end 158
defer from the prior embodiment 1n that inwardly directed
flanges 160 are provided for trapping tloat 148. Thus, any
post-assembly downward movement of tloat 148 relative to
ballast 146 1s substantially prevented. However, upward
movement of float 148 relative to ballast 146 1s possible, and
will occur during centrifugation.
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Alternatively, 1t 1s possible for the separator element to be
a unitary structure having regions of varying densities that
provide the functionality of the buoyancy member and
ballast member.

In one such embodiment, reflected 1n FIG. 17, the sepa-
rator element 200 1s a unitary element formed from a
polymeric material, where the upper region 202 of the
clement comprises a lower-density material, and the lower
region 204 contains a higher density material. Upon cen-
trifugation, the lower and higher density regions would act
as the buoyancy and ballast members, respectively. The
middle region 1s not required to contribute to buoyancy or
ballast, and may be equivalent to the overall density of the
device. The separator element 200 may be spherical 1n
shape, but variations are possible to optimize the sealing and
movement of the separator for its intended application.

There are numerous molding techniques for fabricating
such a separator. The equations and relationships disclosed
herein can be used to determine a desired density distribu-
tion, and the various molding processes available can be
adjusted accordingly.

In one technique, it 1s possible to mold a body from a
single material, but with gas bubbles, either many small
bubbles or one or a few large bubbles, dispersed in the upper
region to provide a lowered density relative to the remainder
of the separator. This could be done for example by use of
a supercooled or supercritical fluid injected 1nto the polymer
material. One commercial technique for doing so 1s the
MuCell® process owned by Trexel, Inc., Woburn, Mass.,
and reflected in U.S. Pat. Nos. 5,158,986, RE37,932, and
5,160,674, the disclosures of which are hereby incorporated
by reference. Other conventional foaming techniques may
also be used selectively during 1injection molding to provide
a desired density.

In another technique, it 1s possible to add higher density
additives to a lower region of a single material matrix, or to
add lower density additives to an upper region of a single
material matrix. For example, 1t 1s possible to perform
injection molding with introduction of an additive (e.g., a
low or high density additive) to provide a desired density
gradient. As shown in the cross-section view of FIG. 18, this
could be used to provide a separator 210 having a high
density matrix 212 with low density additive 214 at an upper
region thereof. This approach could also provide a low
density matrix with high density components at a lower
region thereof, or a matrix with high density additives at one
region and low density additives at another region. The
matrix may have a concentration gradient of the additive to
provide a desirable density distribution, or may have 1so-
lated regions with additive present therein. Examples of
suitable additives include solid or hollow beads such as glass
beads, as well as hollow or solid fibers, and clay composites.

The separator may also be formed from two or more
maternals, ¢.g., compatible materials having different densi-
ties, by a technique such as two-shot molding (which can be
more than two shots), or by co-injection molding. The
separator may also be formed from the same material with
differing molding parameters to provide differing densities,
for example selective use of a process such as MuCell® or
other selective incorporation of the additives noted above, or
selective use of molding temperatures. Other processes that
may be suitable include gas-assist, overmolding, and co-
injection plus MuCell®.

The unitary separator 1s formed of any suitable materials
that provide the needed density and elastomeric properties,
are capable of being used with the techniques needed to form
the unitary separator, and that are mert with respect to the
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collected sample. One suitable material would be the Kra-
ton™ family of matenals (block copolymers of styrene and
rubber); soit silicones are also possible.

As discussed above, 1t 1s generally desirable to direct
blood into the container such that the blood i1s able to get
beneath the separator, since serum tubes for some applica-
tions require the red blood cells to be below the separator
(e.g., where the red blood cells clot and are to be separated
from the serum). (This 1s less important for plasma tubes.)
Such an outcome 1s diflicult 11 the separator starts on the
bottom of the tube. There are at least two solutions to this
problem. One 1s to design the separator to be secured at the
top of the blood collection tube, such that the non-patient
end of the needle can be inserted through the separator into
the tube interior. The separator would thus be formed of a
maternal pierceable by such a needle, and of a size/shape to
allow the needle to pass completely through. The shape of
the separator would be designed accordingly, and thus might
incorporate for example a divot or recess at 1ts lower end to
allow access through the separator into the reservoir portion
of the tube. Securement of the separator at the top end of the
tube could be attained by molding in a feature that mates
with a corresponding feature of the tube closure, or by
utilizing a tube taper that holds the separator at the top of the
tube prior to centrifugation.

An alternative 1s to form a tube with openings (and
stoppers) on both ends. The separator 1s 1nserted proximate
the stopper at one end, and the blood 1s directed 1nto the tube
via the opposite stopper. For plasma separation tubes where
an anticoagulant 1s present, the separator can be placed at the
bottom of the tube mitially, and blood can be directed onto
1it, without detrimental eflects.

The separator would function essentially in the same
manner as the multi-component separator discussed above.
Specifically, upon centrifugation and immersion of the sepa-
rator 1n the fluid, as retlected by the arrows A and B 1n FIG.
17, the lower density upper region 202 provides a buoyant
upward force on the separator relative to the fluid. Simul-
taneously, the higher density lower region 204 provides an
axial force downward on the separator. The combined forces
stretch and elongate a middle region 203 of the separator
axially, shown by arrows C, causing inward radial move-
ment of the middle region. This radial movement pulls the
separator out of contact with the inner wall of the tube so that
it 1s Iree to move axially without any frictional drag. (Note
that the middle region may have the same density as the
upper or the lower region, but provides the sealing function
due to its location 1n the middle portion of the separator.)

Therelore, a path 1s developed between the inner wall of
the tube and the separator that permits the flow of the
low-density blood component past the separator as it
migrates down the tube. Migration of the separator termi-
nates when 1t reaches the position between the lower density
fluid component and higher density fluid or cellular/solid
components, equal to 1ts overall density. Upon terminating
centrifugation, the separator expands to 1its undeformed
shape, sealing against the inner wall of the tube, thereby
creating a barrier between the higher and lower density
components of the sample fluid.

Other embodiments of the invention will be apparent from
the disclosure herein.

What 1s claimed 1s:

1. A method for manufacturing a biological fluid collec-
tion container having therein a separator for separating
components of a blood sample to be collected into a higher
density phase and a lower density phase, the method com-
prising:
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providing the biological tluid collection container;

forming the separator, the separator comprising a first
region having a first density, a second region having a
second density, and a connecting middle region extend-
ing between the first region and the second region,
wherein the first density 1s less than the second density,
the connecting middle region 1s adapted to deform upon
application of rotational force while maintaining con-
tact with both the first region and the second region,
and the first region and the connecting middle region
comprise a first material and the second region com-
prises a second material, the first material being dii-
ferent from the second material; and

placing the separator into the container.

2. The method of claim 1, wherein the forming step
turther comprises forming the separator from the first mate-
rial and the second material within a mold.

3. The method of claim 2, further comprising providing
one or more additives 1n at least one of the first material and
the second material.

10
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4. The method of claim 3, wherein the one or more
additives are selected from the group consisting of beads and

fibers.

5. The method of claim 4, wherein the one or more
additives comprise hollow glass beads.

6. The method of claim 2, further comprising providing
voids or bubbles 1n at least one of the first material and the
second material.

7. The method of claim 6, wherein the voids or bubbles
are provided by 1njecting a supercritical or supercooled fluid
into at least one of the first material and the second matenial.

8. The method of claim 2, further comprising injecting the
first material and the second material into the mold.

9. The method of claim 2, wherein the forming step
comprises at least one molding process selected from the
group consisting of two-shot, overmolding, and co-injection.

G ex x = e
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